Abstract. Technological progress observed in combustion engine constructions is determined mostly by increasing ecological requirements. There is a tendency to make modern engines less harmful to the environment and characterized by the smallest possible fuel consumption. In case of self-ignition (SI) engines fuel injection strategy has the largest impact on defining those parameters. It is largely dependent on the fuel system used. In order to decrease the industry's environmental burden, research is conducted to limit the use of crude oil, which is a non-renewable resource, by using alternative fuels produced of renewable resources. One of such fuels is dimethyl ether (DME) which, thanks to properties similar to the conventional fuel, is a good substitute in self-ignition engines. Moreover, it turns out that the use of dimethyl ether in combination with high-pressure fuel injection allows for reducing the emissions of some harmful compounds. DME combustion in self-ignition engines equipped with modern injection systems allows most of all for the reduction of particulate matter emission to such a level that the need to apply an additional particulate matter filter to meet the most up-to-date emission norms is eliminated.
Introduction
Engines used in modern vehicles need to be designed in such a way as to meet three basic criteria. They have to generate the highest possible power, at the same time emitting as little harmful compounds as possible and using as little fuel as possible. At the moment we can see that self-ignition engines gain popularity on the market. The main factor contributing to this is higher efficiency than in case of spark-ignition engines, which corresponds with lower fuel consumption with relatively higher power output. However, self-ignition engines, because of their work characteristics are characterized with higher harmful substances emissions, mainly particulate matter (PM) and nitrogen oxides (NO x ). Due to the significant tightening of requirements concerning the maximum contents of harmful compounds emitted by engines, observed in the recent years, engine designers have been forced to modernize existing constructions to limit their emissions. In self-ignition engines, the fuel system underwent the biggest changes.
Almost all newly made self-ignition engines utilize common rail (CR) fuel systems. The advantage of CR systems is that they generate very high fuel pressure, which allows to spray it better and also to divide the injected portion into a few parts. All these activities facilitate better control of the combustion process, which in turn allows for increasing efficiency and limiting harmful substances emission.
Numerous factors affect the emission of harmful compounds such as carbon monoxide (CO), carbon dioxide (CO 2 ), nitrogen oxides (NO x ), hydrocarbons (HC), or particulate matter (PM). In case of SI engines, the biggest problem is, as mentioned, nitrogen oxides and particulate matter emission. The research con-ducted by Kato et al [1] proves that by appropriate control of the moment and fuel dose, and especially by applying split dosing, it is possible to reduce particulate matter emission. In order to limit the nitrogen oxides emission, exhaust gases recirculation is most commonly used. It is confirmed by research presented by Hountlas et al [2] and Maiboorn et al [3] .
It is estimated that the number of cars worldwide has already exceeded one billion. The booming number of vehicles in use contributes not only to increasing air pollution but also to intensifying crude oil exploitation. Depending on the source we may find various information concerning the total size of this resource reserves. For example Guseo [4] calculates that with the current exploitation rates we will run out of crude oil within 40 years. It is difficult to say when this might happen, however we may be certain that sooner or later it will happen. The problem seems more and more important, which corresponds to growing interest in researching modern alternative fuels, which are produced of renewable resources. These fuels, above easy production methods from natural resources, should positively impact the achieved power output and harmful substances emissions.
One of the second generation alternative fuels which can be used for fueling self-ignition engines, thanks to properties very similar to diesel oil, is dimethyl ether (DME), whose most important properties have been compared to Ultra Low Sulfur Diesel (ULSD) oil in Table. 1. An important parameter influencing the course of the fuel combustion process in the self-ignition engine is self-ignition temperature, which amounts to 234 o C in case of alternative fuel and is lower than the self-ignition temperature of diesel oil. Another fuel property largely affecting the operation of SI engine is the cetane index, determining the fuel's ability of self-ignition. The value of cetane index for DME stands at 57, the value for diesel oil is between 40 to 50. Taking into account the use of modern injection systems in contemporary engines, particular attention has to be paid to parameters such as density, surface tension, kinematic viscosity or chemical composition, which have pivotal impact on spraying the fuel and creating the combustive mixture [5] .
Dimethyl Ether Fuel Supply System Structure for an SI Engine
Because of different physical properties of alternative fuel and diesel oil, in order to enable its application in self-ignition engines, a special fuel system preparation is required. For this purpose, it is first of all necessary to prepare a container wherein dimethyl ether shall be stored under a slight pressure. In the temperature of 25 o C, similar to LPG, the fuel remains in the liquid state under the pressure of its own vapors (530 kPa). This allows for the use of solutions known from LPG installations. Park and Lee propose the use of a container used in V generation LPG installations with a built in liquid state pump allowing for delivery of liquefied fuel to the high pressure pump [6] . Their concept of adapting an SI engine for dimethyl ether fueling is presented in Figure 1 . Thanks to significant possibilities of controlling the time and moment of fuel injection, the common rail fuel supply systems type have turned out to be suitable for fuelling SI engines. However, because of lower density and worse lubricating properties, it is essential to implement certain changes involving, inter alia, the replacement of seals and providing adequate lubrication of the moving parts. Also, due to the heating of fuel going through the high pressure pump, the un-used part of the fuel (returning to the container) must be cooled [7] . Another issue in using dimethyl ether in common rail systems is that after starting the engine, a certain amount of DME located e.g. in the injector leaks to the combustion chamber causing increased HC emission.
Dimethyl Ether Fuel Injection and Atomization Parameters
The use of modern fuel supply systems of the common rail type for fuelling an SI engine with DME allows for a very wide range of fuel injection control. Starting from the setting of an elective moment of injection, to the determination of the number of parts that the dose is to be divided into, as well as identifying the injection moment of each part.
The research conducted by Suh et al [8] shows that for fixed injection parameters such as the duration of the opening signal of the injector or fuel pressure, quantities of the supplied fuel differ depending on the fuel used. It can be observed in Fig. 2 that the maximum quantity of injected alternative fuel is 2.5 mg/ms larger due to the increased spray velocity in the initial phase of injection. The fuel peak flow rate increases in both cases along with the increase in pressure, and occurs earlier in case of lower pressure. The difference in the flow rate also affects the changing spray structure. The research conducted by Kim et al. [9] shows that dimethyl ether is characterized by better atomization (Figure 3) . Smaller droplets diameter allows the fuel to evaporate more quickly and to easily mix with the air, thus the whole combustion chamber volume is filled with the mixture of a more uniform composition.
One can achieve even better evaporation by means of injection dose distribution. Fig. 4 shows a comparison of sprays of the injected alternative fuel and diesel oil. Both in the case of the pilot dose injection, as well as in the case of dose division into parts, much better evaporation of dimethyl ether can be noticed. The impact of various injection strategies on the parameters of engine work has been tested, inter alia, by Youn [11] . During the conducted tests the measurement of combustion pressure was recorded, which allowed for determining the achieved maximum pressure in the chamber. Fig. 5 shows the influence of various strategies of injection on this parameter. Analysis of the results made it possible to notice that in case of fueling the engine with dimethyl ether, the maximum combustion pressure is higher than in case of diesel oil. The later the fuel injection occurs, the further is the difference increased. Figure 5 . Maximum injection pressure comparison for DME and ULSD for different injection timing. [11] The mechanism of nitrogen oxides formation has not been fully explained, however, research conducted, inter alia, by Sayin [12] points to the dependence of their formation on the occurrence of high temperature and duration time of the combustion reaction. This is confirmed during the combustion of dimethyl ether.
One can notice in Fig. 6 that the NO x emission decreases with the delay in time of fuel injection. The higher emission of nitrogen oxides during the combustion of DME than during the combustion of diesel oil results from the higher temperature caused by the higher combustion pressure. The reduction in the nitrogen oxides emission together with the increase in the angular velocity results from shortening the combustion reaction duration.
High temperature also contributes to soot formation. In Fig. 6 one can notice that in case of diesel oil the amount of soot emitted decreases with the delay of the injection moment. For DME, emission of this type of pollution is negligible. This is caused by very good evaporating and mixing fuel with air, and by the presence of an oxygen atom separating carbon atoms in the particle. As a result, local oxygen deficiencies, which are one of the main factors of incomplete fuel combustion [13] , do not occur. Together with the rise in the angular velocity of the engine, the quantity of particulate matter emitted by the engine fueled by diesel oil increases. This is due to the fact that the carbon oxidation reaction takes place more slowly and more time is needed to combust the fuel completely. At higher velocities this time is insufficient. Figure 6 . The emission of a) nitrogen oxides and b) particulate matter for DME and diesel oil and different injection moments. [11] The quantity spread of emitted hydrocarbons shown in Fig. 7 points to a relationship between this compound emission and the moment of injection. With the increase in the delay of the injection moment, there is a rise in the unburnt hydrocarbons quantity. This dependence is particularly evident in case of higher angular velocities. The HC emission in case of an engine fueled by dimethyl ether is lower than in case of ULSD. Increased emission is observed only for very late injection at high angular velocities. The decreased emission of hydrocarbons in case of DME results from better fuel evaporation, even of the fuel remaining at the spray nozzle ending, which is the main factor causing HC emission. Figure 7b presents the measurement results of carbon monoxide emission. The CO emission for dimethyl ether is, as is it in the case of the HC emission, lower than for ULSD. Just a slight increase in the emissions for high angular velocities and late fuel injection is noticed. For ULSD the increase in CO emission is significantly higher under these conditions. The formation of carbon monoxide is primarily associated with the fuel and air ratio and the occurrence of incomplete combustion. The presence of an oxygen atom in the molecule speaks in favor of DME, thus the stoichiometric ratio is less than in the case of diesel oil. However, in case of late performed injection, there is no time for complete fuel combustion. Figure 7 . The emission of individual toxic substances for DME and ULSD for different moments of injection. [11] 
Conclusion
Thanks to the use of high-pressure injection systems it has become possible to gain more control over the combustion process. Pressures of the 2000 bar order of magnitude generated by contemporary injection systems allow for dividing the injected portion of fuel into parts. Research results, published by various scientists and systematized in this work show that through the use of dose division, better atomization is possible and as a result better fuel vaporization. The fuel and air mixture thus created is more homogenous, which contributes to reducing harmful compounds emission and increasing the engine output. Moreover the quoted authors demonstrated that the benefits of using such injection strategies concern both the use of conventional fuel -ULSD and alternative fuel -DME.
A certain correlation between the use of various injection moments and the emission size of individual toxic compounds can be noticed. Both in case of dose division and in case of different injection moments changes in emission are observed for ULSD as well as dimethyl ether fueling.
The results quoted in this work demonstrate that increasing the delay of fuel injection into the combustion chamber contributes to limiting nitrogen oxides emission. We may also notice that the NO x emission is slightly larger in case of fueling the engine with dimethyl ether. This is because dimethyl ether combustion is characterized by generating higher pressure in the combustion chamber, which contributes to the origination of such compounds. Injection delay also contributes to soot emission reduction. This is noticeable mainly in case of conventional fuel, as soot particles emission while using dimethyl ether is minimal. This is caused mainly by the presence of an oxygen atom in the particle and lack of direct bonds between carbon atoms.
Emission of compounds such as hydrocarbons and carbon monoxide in case of different injection strategies demonstrates a reverse dependence compared to NO x . Large injection delay shortens the time for the fuel to evaporate and mix with air. At the moment when the time for the fuel evaporation is insufficient, we observe an increased amount of unburnt hydrocarbons and nitrogen oxides, which originate as a result from insufficient mixing of the fuel with air. In case of DME the increase in HC emission is noticeable only for higher angular velocities, though with the application of a CR system, HC emission will also take place after engine start, because due to lower density and viscosity, some of the fuel remaining in the system will get into the combustion chamber through the injector seal surfaces and will be emitted into the atmosphere during the next start-up.
